Results and discussion
The multicorn protease was purified to homogeneity from the cytosol of fission yeast, strain 972h -. Results of the protease purification from the culture grown to a late exponential phase are shown in Figure 1 . High molecular weight (HMW) cytosolic proteins from S. pombe were separated by gel filtration chromatography. The resulting profile was screened for hydrolytic activity against fluorogenic model substrates Ala-Ala-Phe-7-amido-4-methylcoumarin (AAF-MCA) and succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin (SucLLVY-MCA). AAF-MCA is the preferred substrate for archaebacterial tricorn protease [5] , whereas SucLLVY-MCA is a commonly used substrate for proteasomal chymotrypsin-like peptidase activity [6] . As shown in Figure 1 , size-exclusion chromatography separated the proteins responsible for activities against these two substrates. As expected, activity against SucLLVY-MCA correlated with the presence of the 20S proteasome. Under the conditions used, the 26S proteasome could not be detected in the preparation. The amount of only one polypeptide, of apparent molecular weight of 150 kDa, correlated with activity against AAF-MCA ( Figure 1b ). About 5 micrograms of the pure large form (Figure 1a , insert) was typically obtained from 5 grams of yeast paste.
The enzymatic complex that could degrade AAF-MCA had an apparent molecular weight of at least 4,000 kDa. We will refer to this complex as the 'large form' of multicorn. In addition, a much smaller second peak of peptidase activity and 150 kDa subunit content is seen in Figure 1 . This 'small form' corresponded to an apparent molecular weight of 700-900 kDa and eluted from the gel filtration column slightly before the 20S proteasome. We tested whether the amount and activity of the multicorn changed during yeast culture growth. For that purpose, we measured the hydrolysis of AAF-MCA and the content of the large and small forms of multicorn in the gel filtration profiles of the HMW cytosolic proteins. The samples were prepared from S. pombe cells in early-to-late exponential phase (five experimental points; asynchronous cells) and in stationary phase. Total activity of the multicorn per milligram of HMW proteins increased about twofold during the exponential phase. A similar phenomenon has been observed for many S. pombe enzymes [7] . A ratio of total activities of large form to small form did not change significantly during exponential phase, remaining at a stable 2:1 level. Surprisingly, the small form prevailed when the cells reached stationary phase bringing the ratio to 1:4. At the same time, a 70% decrease in the total multicorn activity compared with that during the late exponential phase was observed.
To examine the shape and dimensions of the multicorn complexes, atomic force microscopy (AFM) was used. The technique allows the observation of biological samples in aqueous environment without fixing, thus eliminating the danger of disruption or deformation of large protein complexes [8] . A sample of the pure large form of the multicorn was used to collect AFM images. Numerous round structures of 50-55 nm in diameter apparently comprising six or seven particles of 18-20 nm in diameter were the only detectable objects (Figure 1b, insert) .
The substrate and inhibitor specificity and the pH dependence were tested for the purified large form of multicorn and the partially purified small form. Both forms of the multicorn preferred model peptide substrates with unblocked amino termini and hydrophobic or basic carboxyl termini (Table 1 ). Tripeptides and dipeptides were acceptable substrates. The kinetic parameters of degradation of the best substrate found, AAF-MCA, for the pure large form were calculated using the Lineweaver-Burk method [6] : K m = 150 µM of AAF-MCA and V max = 1.7 mmol of MCA released per mg protein per hour. None of the following protein substrates tested was cleaved in its native form: α-casein, RNase A, RNase B, α-lactalbumin, bovine serum albumin, ovalbumin, ubiquitin, and Cdc34. The α-casein substrate was cleaved either after its heat denaturation or in its methylated form. RNase A (but not RNase B) and α-lactalbumin became multicorn substrates only after reduction with dithiothreitol (DTT; Figure 2 ). Interestingly, only the large form of multicorn digested these proteins. Other investigated proteins failed to give detectable products after incubation with the multicorn. A model ubiquitinated substrate, polyUb-Cdc34 [9] , was neither degraded nor were the ubiquitin groups removed by the multicorn under conditions tested (see Figure 2 legend). As shown in Table 2 , specific inhibitors of the proteasome, lactacystin and carboxybenzyl tri-leucine vinyl sulfone (ZL3VS) [10] , did not affect the activity of the multicorn. ZL3VS is a close Fission yeast were grown at 30°C in YEL medium (0.2% casamino acids, 3% glucose) to the late exponential phase. The washed cells were homogenized with glass beads in 50 mM Tris HCl, 250 mM sucrose, pH 7.0. The lysate was ultracentrifuged for 1 h at 100,000 × g and the pellet discarded. The HMW cytosolic proteins sedimented during a subsequent 15 h ultracentrifugation. The obtained HMW pellet was solubilized by homogenization in column buffer (50 mM Tris, 20% glycerol, pH 7.0) [6] . The pellet was then subjected to gel filtration through Superose 6 (Pharmacia) with the column buffer following RNA degradation with an RNases mix (Boehringer). Hydrolysis of the fluorogenic peptide substrates (Sigma) was assayed in the collected fractions [6, 10] . The reactions were carried out in 50 mM Tris HCl at pH 7.0 for the multicorn and at pH 8.0 for the proteasome [6] . The fractions were subsequently resolved by 8% SDS-PAGE. The silver-stained gel was subjected to densitometric analysis. Activity against SucLLVY-MCA correlated with the amount of protein in a set of 20-30 kDa bands corresponding to the 20S proteasome subunits. Peptidase activity against AAF-MCA corresponded to the amount of protein in only one electrophoretic band of 150 kDa. The electrophoretically pure large form of the multicorn was obtained after two rounds of gel filtration. AFM images were obtained with the NanoScope IIIa (Digital Instruments) using silicon nitride cantilevers in a tapping mode in the column buffer [8] . The dimensions of imaged structures were measured for at least 20 objects using a NanoScope IIIa software. Peptides (Sigma) at final concentrations of 100 µM were used as described in [8] . Relative activities are presented. Activity against AAF-MCA (0.5 mmol MCA released per mg protein per h) was taken as 1. Asterisk (*) indicates peptides degraded by the S. pombe 20S proteasome, as was assessed by analysis of activity profiles in fractions after gel filtration of HMW cytosolic proteins (Figure 1 ). Abbreviations not in text: βNA, β-naphthyl-amide; Boc, butoxy-carbonyl; Cbz, carbobenzoxy; Bz, benzoxy; Glt, glutaryl; Ac, acylo.
derivative of nitrophenyl-L3VS (NIPL3VS), the inhibitor which was used to adapt EL-4 cells [4] . Ala-Ala-Phe-chloromethylketone (AAF-CMK), an inhibitor of serine proteases of the subtilisin family, was the most potent inhibitor of the peptidase activity, with I 50 = 50 nM for both forms of the multicorn. AAF-CMK and phenylmethylsulfonyl fluoride (PMSF) completely inhibited the peptidase activities of both forms and partially inhibited the proteinase activity of the large form (Table 2, Figure 2 ). ATP at concentrations of 1 to 3 mM reversibly inhibited the peptidase activity of multicorn. The physiological meaning of this observation remains to be established. The pH dependence of AAF-MCA hydrolysis was determined in a pH range of 5 to 9 of sodium phosphate or Tris HCl buffers. The activity of both forms of the multicorn showed a broad activity peak with an optimum between pH 6.8 and 7.2.
To the best of our knowledge, no known protease fully meets the description of the multicorn. The multicorn is definitely not another form of the proteasome. These two large protease complexes have distinct sizes, subunits, substrates and inhibitors. Based on the inhibitor screening, the multicorn seems to be a serine subtilisin-like protease, and not a metalloprotease, a cysteine protease or an aspartic protease ( Table 2 ). The only enzyme of similar characteristics -mammalian tripeptidyl peptidase II (TPP II) -degrades AAF-MCA and forms a large complex from a 135 kDa subunit [11, 12] . However, contrary to the multicorn, its 1,000-2,000 kDa complex requires DTT for stability [11] , and its activity is inhibited by dichloroisocoumarin and by cysteine-affecting compounds [12] . Also, TPP II forms long, cylindrical structures [13] rather than round assemblies (Figure 1) . No
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Figure 2
The large form of the multicorn exhibits proteinase activity. The pure large form was incubated for 3 h at 37°C with (a) RNase A, or (b) α-lactalbumin and [ 14 C]α-casein and the effect of protease inhibitors on the accumulation of the degradation products was measured. [ 14 C]α-casein was used without any further modifications, whereas RNase A and α-lactalbumin were reduced with 5 mM DTT (for 5 min at room temperature) before degradation. The presence of DTT did not affect degradation of [ 14 C]α-casein. The arbitrary activity units (AU) show the accumulation of degradation products: 1,000 AU corresponds to 10 mg products released per mg enzyme per h. Lactacystin (20 µM), a specific inhibitor of the proteasome [10] , did not affect the activity of the multicorn. PMSF (1 mM) inhibited degradation of lactalbumin and casein. However, in the case of RNase A, PMSF led to accumulation of the 11 kDa product and decrease in the amount of the 8 kDa product. The latter suggests that the enzyme cleaved RNase A in at least two sites, and one of these hydrolyzing activities was not sensitive, or was less sensitive, to inhibition by PMSF. Addition of AAF-CMK (20 µM) caused a 20-40% decrease in the reaction yield. Substrates and products were resolved by 15% SDS-PAGE. Quantitative data were obtained by densitometry of Coomassiestained gels or, in the case of [ 14 C]α-casein, by phosphorimager analysis. The pure large form was also incubated with various amounts of polyubiquitinated Cdc34 (kindly provided by Daniel Finley) for up to 3 h at 37°C. The reaction mixture was subjected to SDS-PAGE or reverse-phase chromatography. Western blotting with antiubiquitin antibodies and chromatography profiles of protein and peptide contents revealed no differences between the multicorn-containing sample and the buffercontaining control sample. proteinase activity has been found for TPP II [11] [12] [13] and there are no known homologs of TPP II in S. pombe.
The fission yeast multicorn apparently shares basic physicochemical properties with yet uncharacterized protease from the mouse lymphoma EL-4 cells adapted to grow in the presence of a gradually increasing amount of the proteasome inhibitor, NIPL3VS [4] . The yeast and mouse proteolytic complexes were eluted from the gel filtration column with the same retention volumes. When the gel filtration fractions were obtained from the HMW cytosolic proteins of the adapted EL-4 cells, a protein band of 150 kDa correlated with the multicorn-like activity against AAF-MCA ( [4] and M.G, P.A.O. and H. Ploegh, unpublished observations). Additional support for the involvement of this protease in the adaptation phenomenon arises from the observation that the adapted EL-4 cells treated with AAF-CMK underwent growth arrest, whereas the control cells showed no effect [4] . The fact that no ubiquitinated proteins accumulated in the adapted cells remains unresolved. However, induction of the multicorn-like activity is by no means the only adaptation-related physiological effect [4] . Also, despite our negative in vitro result, it cannot be excluded that the multicorn may process ubiquitinated substrates under certain conditions in vivo.
Interestingly, the new proteolytic complex seems to be in many aspects analogous to the archaebacterial cytosolic tricorn protease. The tricorn protease from Thermoplasma acidophilum exists as a 720 kDa monohexamer of 120 kDa monomers or as a 40,000 kDa capsid built from the 720 kDa units [5, 14] . Tricorn and multicorn both have two large oligomeric forms, share catalytic preference for AAF-MCA, and appear to be serine-type proteases [5] . Strikingly, our AFM data indicate that dimensions of the presumed large form of S. pombe multicorn are very similar to the dimensions of the tricorn capsid ( [14] , Figure 1 ). The diameters of the particles, which are possibly small forms of multicorn from which the large form appears to be composed (Figure 1 ), are very similar to those of the 720 kDa tricorn [5] . The tricorn protease is inhibited by tosyl-phenylalanine chloromethylketone (TPCK) and tosyl-lysine chloromethylketone (TLCK) [5] , however, whereas the multicorn is not affected by these inhibitors ( Table 2 ). The analysis of a sequence of the 120 kDa subunit of tricorn revealed no close eukaryotic homologs [5] . Is the multicorn, as its name suggests, a 'eukaryotic tricorn'? Identifying the gene encoding a multicorn subunit (in progress) will answer the 'analogy or homology' question. The future will show where in cell physiology is the place of this new 'protein machine'.
